Agar-degrading bacteria in spinach plant roots cultivated inˆve soils were screened, and four strains of Paenibacillus sp. were isolated from roots cultivated in three soils. The agar-degrading bacteria accounted for 1.3z to 2.5z of the total bacteria on the roots. In contrast, no agar-degrading colony was detected in any soil (non-rhizosphere soil samples) by the plate dilution method, and thus these agar-degrading bacteria may speciˆcally inhabit plant roots. All isolates produced extracellular agarase, and could grow using agar in the culture medium as the sole carbon source. Zymogram analyses of agarase showed that all four isolates extracellularly secreted multiple agarases (75-160 kDa). In addition, the isolates degraded not only agar but also various plant polysaccharides, i.e., cellulose, pectin, starch, and xylan.
Several types of agarase-producing bacteria that degrade and utilize agar have been isolated. We previously found agar-degrading bacteria in rhizobacteria from a vegetable cropping soil, but we could not obtain the pure culture of the bacteria. 1) Generally, most previously reported agar-degrading bacteria were isolated from marine environments. A wide range of agar-degrading bacteria, including Alteromonas sp., 2, 3) Bacillus cereus, 4) Cytophaga sp., 5) Pseudoalteromonas sp., 6, 7) Pseudomonas sp. [8] [9] [10] and Vibrio sp., 11) have been isolated from marine environments. Since agar is a polysaccharide produced by marine red algae, it is natural that most agar-degrading bacteria are inhabitants of marine habitats. Agar-degrading bacteria are considered to utilize agar as a carbon and energy source to inhabit marine environments.
Agar is composed of two fractions, agarose and agaropectin. Agarose, the main constituent, is a neutral polysaccharide that forms a linear chain structure consisting of repeating units of agarobiose, which is an alternating polymer of D-galactose and 3,6-anhydro-L-galactose linked by alternating b-(1,4) and a-(1,3) bonds. 12) Two types of agar-degradation processes have been studied on several agar-degrading bacteria. Theˆrst type was identiˆed in studies on Pseudoalteromonas atlantica ATCC 19292. 9, 13) P. atlantica hydrolyzes agarose by extracellular b-agarase. This enzyme cleaves the b- (1, 4) linkage between D-galactopyranose and 3,6-anhydro-L-galactose to give a series of neoagaro-oligosaccharides. Then, neoagarotetraose, one of the major end products, is cleaved at the central b-linkage by neoagarotetraose hydrolase to yield neoagarobiose. Finally, neoagarobiose is degraded by periplasmic a-neoagarobiose hydrolase to the D-galactose and 3,6-anhydro-L-galactose, which are metabolized by intracellular enzymes. The other type of agar-degradation process involves the cleavage of a-(1,3) linkage in agarose by extracellular a-agarase, 3) yielding a series of agaro-oligosaccharides. The agar-degradation process of Alteromonas agarlyticus strain GJIB involves two enzymes: an a-agarase that cleaves the a-(1,3) linkages and a b-galactosidase speciˆc for the cleavage of the 3,6-anhydro-L-galactose units at the reducing end. Agarotriose was the smallest product detected in this system.
A few non-marine agar-degrading bacteria have been reported, including Cytophaga sp. and Alteromonas sp. 14) isolated from fresh water, and Bacillus sp., 15) Cytophaga sp., 16, 17) and Streptomyces coelicolor 18) isolated from soils. From sewage, a Gramnegative bacterium (unidentiˆed) has been isolated. 19) In addition, we have recently reported the presence of agar-degrading bacteria in plant rhizospheres. There are various polysaccharides in plant rhizospheres. Studies on such agar-degrading rhizobacteria may provide a clue to the ecology of non-marine agar-degrading bacteria.
In this study, we isolated agar-degrading bacteria from rhizospheres of spinach plants cultivated in several soil samples, measured the activity of agarase produced by these bacteria, and did zymogram analysis by activity staining.
Materials and Methods
Screening and isolation of agar-degrading bacteria. Soil was collected fromˆve vegetable croppinĝ elds located in southwest Japan. These samples consisted of a sandy loam (Futsukaichi soil; pH 6.9; 1.5z organic matter) located in Fukuoka Prefecture; a silty clay loam located in Kagoshima Prefecture (Kagoshima soil; pH 6.7; 2.6z organic matter); a sandy clay located in Kumamoto Prefecture (Minamata soil; pH 5.9; 2.0z organic matter); a light clay (Ashikita soil; pH 6.2; 1.4z organic matter) located in Kumamoto Prefecture; and a loam (Isahaya soil; pH 6.0; 1.2z organic matter) located in Nagasaki Prefecture. Allˆve soils had been cropped with vegetables. Five replicate soil cores were obtained from each sampling site, pooled, homogenized, and stored without drying at 49 C before being used for enrichment and isolation of agar-degrading bacteria. Agar (Wako Pure Chemical Industries, Ltd., Osaka, Japan) dissolved in distilled water and sterilized was added to each soil sample and adjusted to 0.1z (w W w), and the soil water content was adjusted to 50z (w W w, water W dry soil). These agar-supplemented soil samples were packed in pots and incubated at 289 C for seven days before plant cultivation.
Spinach plants ( Spinacea oleracea L.``Atlas'') were cultivated in pots containing the soils in a growth chamber with a relative humidity of 70z at 209 C. The daily light schedule consisted of 16 h of light and 8 h of darkness, and the light intensity was 250 mmol m -2 s -1 . After growth for 21 days, plants were harvested and the roots were excised and shaken in a 10 mM phosphate buŠer solution (pH 7.0) to remove soil particles. The soil-free root samples were cut into fragments 3-5 mm long. The treated roots (1.0 g) were then placed in tubes containing 5 ml of a fresh buŠer solution, and glass beads 3 mm in diameter (2.5 g) were added. The samples were shaken on a Vortex mixer (5 min, full speed). The root suspension was serially diluted, and 0.1-ml diluted portions were spread on 0.1 TSA agar medium that contained (per liter) 1.7 g of peptone, 0.3 g of soyton, 0.25 g of glucose, 0.25 g of K2HPO4, 0.5 g of NaCl, and 15 g of agar. For the preparation of nonrhizosphere soil samples, the soils were maintained under the same conditions and serial dilutions were plated onto 0.1 TSA agar. The plates were incubated at 289 C for 10 days. Colonies in the cultured plates were counted, and agar-degrading bacteria in colonies with depression circumferences were isolated.
Characterization of the isolates. Each isolate with agar-degrading activity was investigated for assimilation and degradation of polysaccharides, agar (Wako), CM-cellulose (Sigma Chemical Co., St. Louis, Mo, USA), chitin (NACALAI TESQUE, INC., Kyoto, Japan), pectin (Sigma), starch (Sigma), and xylan (NACALAI). Agar (2 g W l), CM-cellulose (5 g W l), chitin (4 g W l), pectin (2 g W l), starch (2 g W l), and xylan (5 g W l) were added to a basal medium (0.6 g yeast extract, 1.0 g (NH4)2SO4, 1.1 g MgSO4･7H2O, 7.0 g K2HPO4, 2.0 g KH2PO4, and 1.0 l distilled water (pH 7.0)), and the resulting solution was used for the polysaccharide test. In the polysaccharide utilization test, isolates were inoculated in the liquid medium and cultured at 289 C for one week in Erlenmeryer ‰asks, and the turbidity was measured at OD 600 to evaluate the growth of the isolates.
In the polysaccharide degradation test, the above basal medium supplemented with the polysaccharides was solidiˆed using gellan gum (15 g W l) and the solid media were used. Isolates were inoculated on the media and cultured at 289 C for one week. Degradation of agar and starch was detected by staining with Lugol's solution; 18, 20) degradation of CM-cellulose, chitin, and xylan was detected by staining with Congo Red solution; 21) and degradation of pectin was detected by CTAB staining. 22) Other phenotypic characterizations of the isolates were done as described by Shintani 23) and Berge et al.
24)
Phylogenetic analysis of isolates based on 16S rDNA sequencing. We did 16S rDNA sequence analysis on four agar-degrading isolates from spinach roots, strains M-2b, O-3b, O-4c, and St-4. Bacteria for DNA extraction were grown for 3 days at 289 C on 0.1 TSA medium. A single colony of each isolate was removed with a sterile toothpick, resuspended in 20 ml of sterile distilled water, and heated at 959 C for 10 min to lyse the cells. The lysate was then cooled on ice, brie‰y centrifuged with a microcentrifuge, and used for polymerase chain reaction (PCR) ampliˆca-tion.
The DNA coding for the 16S rRNA of each isolate was ampliˆed with primers 8-27f (5?-AGAGTTTG-ATCCTGGCTCAG-3?) and 1543-1525r (5?-AAAG-GAGGTGATCCAGCC-3?). These primers were designed on the basis of the conserved bacterial sequences at the 5? and 3? ends of the 16S rRNA gene, which allowed ampliˆcation of almost the entire gene. 25) Ampliˆcation was done as follows: each mixture contained 2 ml of lysed cell suspension in 50 ml of Taq buŠer containing 2 mM Mg 2＋ , 1.2 mM of each primer, each deoxynucleoside triphosphate at a concentration of 0.2 mM, and 1.25 U of Taq DNA polymerase (TaKaRa Bio,Inc., Shiga, Japan). The reaction mixtures were incubated in a thermocycler ASTEC PC-707 (ASTEC, Fukuoka, Japan) at 949 C for 3 min and then put through 25 cycles of 949 C for 1 min, 559 C for 30 s, and 729 C for 1 min. Finally, the mixtures were incubated at 729 C for 10 min.
The ampliˆed 16S rDNA was puriˆed by using a Qiaquick PCR Puriˆcation Kit (Qiagen, Inc., Calif., USA) according to the supplier's instructions. The ampliˆed 16S rDNA were sequenced directly with an ALF express DNA Sequencer (Amersham Biosciences, K.K., Tokyo, Japan) by using ‰anking and internal primers. 25) Homology searches were done by using the DDBJ (DNA Data Bank of Japan) and RDP-II (Ribosomal Database Project) databases. 26) Multiple alignment of the sequences and the construction of a neighbor-joining phylogenetic tree were done with the CLUSTAL W ver. 1.7 program 27) of DDBJ online analysis. A bootstrap conˆdence analysis was done with 1,000 replicates. The following organisms were included in the phylogenetic analysis (accession numbers are given in parentheses): Paenibacillus agardevorans DSM 1355 (AJ345023), P. agarexedens DSM 1327 (AJ345020), P. alginolyticus NRRL NRS-1350 (D88517), P. alvei IFO3343 (D78317), P. amylolyticus NRRL NRS-290T (D85396), P. apiarius NRRL NRS-1438 (U49247), P. azotoˆxans LMG 14658T (AJ251195), P. chibensis NRRL B-142T (D85395), P. chondroitinus NRRL B-14420 (D88518), P. curdlanolyticus IFO15724T (D78466), P. glucanolyticus DSMZ5188 (D88514), P. granivorans A30 (AF237682), P. illinoisensis NRRL NRS-1356T (D85397), P. kobensis IFO15730 (D88516), P. lautus NRRL B-377 (D85609), P. peoriae IFO15541T (D78476), P. polymyxa PMD230 (AJ223988), Assay for agarase activity of partially puriˆed enzymes. The isolates were inoculated into 300-ml Erlenmeyer ‰asks containing 100 ml of the basal medium supplemented with 0.1z (w W v) agarose and cultured for 4 days at 289 C on a rotary shaker (100 rpm). Cultures were supplemented with phenylmethylsulfonyl ‰uoride (ˆnal concentration of 0.1 mM) and centrifuged to remove bacteria at 7,000×g for 30 min at 49 C. The supernatants were brought to 70z saturation with ammonium sulfate overnight. The precipitates were collected by centrifuging at 14,500×g for 30 min at 49 C, resuspended in 2 ml of 20 mM Tris HCl buŠer (pH 8.0), and dialyzed against the same buŠer. The dialysates, as partially puriˆed enzymes, were then assayed for agarase activity as follows.
A reaction mixture containing 10 ml of enzyme solution and 240 ml of 0.05z agarose in 20 mM Tris HCl buŠer (pH 8.0) in aˆnal volume of 500 ml in Eppendorf tubes was incubated at 379 C for 30 min. The reaction was stopped by heating the tubes in a boiling water bath for 5 min. The reducing sugars released were measured by the method of SomogyiNelson 28, 29) as D-galactose reduction equivalents. Suitable blank reactions without enzyme and without substrate were also done. One unit of agarase activity was deˆned as the amount that liberated reducing power equivalent to 1 mmol of D-galactose per min under the conditions described above. Total extracted protein was measured by the BCA method 30) using bovine serum albumin as the standard.
Zymogram analysis for agarase. For detection of agarase activity, zymogram analysis was done by the method of Ghadi et al. 31) with some modiˆcation. Partially puriˆed agarase samples (10 ml) were mixed with an equal volume of sodium dodecyl sulfate (SDS) loading buŠer and denatured at 959 C for 3 min. The samples were loaded onto SDS-7.5z polyacrylamide gel containing 0.02z (w W v) of agarose, and electrophoresed at 30 mA for 3.5 h at room temperature. After electrophoresis, protein bands were stained with SYPRO Tangerine protein gel stain (Amersham Biosciences K.K., Tokyo, Japan) according to the supplier's instructions. The gel was then renatured in 200 ml of distilled water for 30 min at 379 C and incubated in 200 ml of 20 mM Tris HCl buŠer (pH 8.0) for 2 h at 379 C with gentle shaking. The clearing zones corresponding to enzyme activities were made visible with Lugol's solution.
Results

Isolation of agar-degrading bacteria from plant rhizospheres
As shown in Table 1 , agar-degrading bacteria were obtained from spinach roots cultivated in three soil samples (Ashikita, Kagoshima, Yunoura), and these bacteria accounted for 1.6z, 1.3z, and 2.5z of the total bacteria on the root surface, respectively. In contrast, no agar-degrading colony was detected in any soil (non-rhizosphere soil samples) by the plate dilution method. These agar-degrading bacteria may thus speciˆcally inhabit plant roots.
The following agar-degrading bacteria were isolated. M-2b was isolated from roots cultivated in Yunoura soil. O-3b and O-4c, which were diŠeren-tiated based on the colony morphology, were isolated from roots cultivated in Ashikita soil, and St-4 was isolated from roots cultivated in Kagoshima soil. The colony morphologies of the isolates were as follows: M-2b, white and low convex; O-3b, convex, slimy, 
Phylogenetic analysis of the 16S rRNA gene
The almost complete 16S rDNA sequences (1,426 to 1,452 bp) of the four isolates, M-2b, O-3b, O-4c, and St-4, were analyzed. The phylogenetic tree (Fig. 1) constructed from the sequence data showed that four isolates appeared within the evolutionary radiation encompassing genus Paenibacillus and occupied three distinct phylogenetic positions within the genus. Moreover, there was a consensus signature sequence (PAEN515F) of the Paenibacillus genus within the 16S rRNA sequence of our isolates.
32) The phylogenetic study clearly established that these isolates belonged to the Paenibacillus genus.
The homologies between the M-2b 16S rRNA sequence and the 16S rRNA sequences of each of strains Paenibacillus sp. DSM 34, P. chondroitinus, and P. alginolyticus were 96.7, 96.2, and 96.0z, respectively. The homologies between the O-3b 16S rRNA sequence and those of strains Paenibacillus sp. DSM 1481 and P. agarexedens were 96.6 and 96.4z, respectively. The rRNA sequence homology was high, 99.0z, between O-4c and St-4, and these isolates were 96.3z and 95.9z homologous to P. agardevorans, respectively.
Properties of agar-degrading isolates
The morphological and physiological properties of the isolates were also investigated. All isolates formed spores, which is a characteristic of the Paenibacillus genus, and did not grow at 59 C, 459 C, or in the presence of 5z NaCl. None of the isolates showed nitrogenˆxation activity, which is observed in certain bacteria of the Paenibacillus genus, such as Paenibacillus polymxa, by ARA measurement. Degradation and utilization of six types of polysaccharides was investigated in the isolates. All isolates degraded and utilized several plant polysaccharides (Table 2) . M-2b degraded and utilized agar and starch, O-3b degraded and utilized agar, CM-cellulose, starch, and xylan, and O-4c and St-4 degraded and utilized agar, CM-cellulose, pectin, starch, and xylan. All isolates degraded and utilized agar, starch, and xylan. In contrast, none of the isolates degraded or utilized the fungal cell wall component chitin.
Characteristics of agarase produced by agardegrading isolates
The activities of crude agarase extracted from the culture supernatants of the four isolates are shown in Table 3 . All isolates produced extracellular agarase. This activity was similar among the four isolates and similar to that of crude agarase extracted from the control marine bacteria, Pseudoalteromonas atlantica JCM8845 ( b-agarase-producing bacteria), by the same method.
Zymogram analysis was done to estimate the number of agarases produced by the isolates, and the molecular masses of each. There has been only one study involving zymogram analysis of agarase, 31) and this study employed a relatively di‹cult agarase detection method by agarose overlay after SDSpolyacrylamide gel electrophoresis. To simplify the detection, we here optimized the zymogram analysis using crude agarase from a known bacterium, P. atlantica JCM8845. As described in the Materials and Methods section, the samples were electrophoresed on a 0.02z agarose-containing SDSpolyacrylamide gel, and the activity of 32-kDa agarase of P. atlantica JCM8845 was detected after renaturing (data not shown).
On the zymogram analysis of agarases of the isolates, multiple protein bands with activity were detected for all isolates (Fig. 2) . Three protein bands with agarase activity were detected for M-2b, and the molecular masses were about 128 kDa, 100 kDa, and 74 kDa. There were two protein bands with agarase activity in the crude agarase extract from O-3b, and the molecular masses were estimated to be about 86 kDa and 74 kDa. In the crude agarase extract from O-4c, four bands with agarase activity were detected and the molecular masses were about 161 kDa, 128 kDa, 100 kDa, and 86 kDa. In the crude agarase extract from St-4, two bands with agarase activity corresponding to about 100 kDa and 74 kDa were detected. These values were close to those reported for agarase from Alteromonas sp. E-1 (82 kDa), 33) Pseudomonas sp. W7 (89 kDa), 10) Bacillus cereus ASK202 (90 kDa), 4) and Vibrio sp. JT0107 (107 kDa).
11)
Discussion
Agar-degrading bacteria in spinach plant roots cultivated inˆve soils were screened, and four strains of Paenibacillus sp. were isolated from roots cultivated in three soils. The zymogram analyses showed that these isolates extracellularly secreted multiple agarases (75-160 kDa). These agar-degrading bacteria degraded not only agar but also various plant polysaccharides. These bacteria may be useful for clariˆ-cation of the ecology of non-marine agar-degrading bacteria in plant rhizosphere.
In marine environments, agar-degrading bacteria are considered to play an important role in the recycling of polysaccharides produced by marine red algae, 34) and detailed studies of several agar-degrading bacteria and agarase have been done. Several agar-degrading bacteria have also been isolated from non-marine environments. It is important to discover the role and ecology of non-marine agar-degrading bacteria in soils. However, there have been relatively few studies on the function of agarase production by non-marine bacteria, or on the ecology of such bacteria. As shown in Table 1 , most of the agar-degrading bacteria in this study appear to have preferentially inhabited the plant roots rather than the soils. This suggests that the agar-degrading bacteria had a property characteristic of rhizobacteria. In addition, the agar-degrading isolates could grow, utilizing agar in the culture medium as their sole carbon source (Table 2) . Investigations on such agar-degrading rhizobacteria may provide a clue to the ecology of non-marine agar-degrading bacteria.
Hunger and Claus 15) reported several agar-degrading Bacillus sp., including Bacillus agar-exedens (currently registered as Paenibacillus agarexedens to the GeneBank database (Accession No. AJ345020)) isolated from German soils. However, they reported only phenotypes of the bacteria and they did not detect agarase. The phylogenetic analysis showed that the agar-degrading bacteria isolated from Japanese soils in this study may be close to agardegrading Bacillus isolated by Hunger et al. (Fig. 1) , suggesting that these bacteria are widely distributed in soils throughout the world.
The zymogram analyses of agarase using activity staining showed that the isolates produced several types of agarase with diŠerent molecular masses (Fig. 2) . Sugano et al. 35, 36) reported that Vibrio sp. JT0107 has two diŠerent genes and produces two types of b-agarase. Microorganisms produce more than one degrading enzyme to e‹ciently degrade speciˆc polysaccharides. 37) It is therefore necessary to purify several agarases produced by the isolates and investigate the properties of each.
Many bacteria of the Paenibacillus genus are known to degrade and assimilate polysaccharides. 32, 38, 39) And indeed, in this study, agar-degrading bacteria of the Paenibacillus genus isolated from spinach roots degraded several plant polysaccharides, i.e., cellulose, pectin, starch, and xylan. These isolates may utilize plant root-derived polysaccharides. Agarase of the isolates may be one of the plant polysaccharide-degrading enzymes. Mucilage polysaccharides (structure unknown) secreted from plant roots contain abundant galactose as a major component sugar, [40] [41] [42] [43] suggesting that agar-like polysaccharide might be present in plant rhizospheres. Agardegrading enzymes of the isolates might degrade such polysaccharides. Agbo and Moss 14) reported that some plant-derived polysaccharides induced agardegradation in a non-marine agar-degrading bacterium, Cytophaga sp., isolated from river water.
However, in this study, the activity measurement and zymogram analysis only conˆrmed that Paenibacilluls inhabiting the plant rhizospheres extracellularly produced agarase. To clarify the ecology of these bacteria, it will be necessary to identify the substrate speciˆcity and reaction using puriˆed agarases and to identify the conditions needed for exertion of the agarase activity.
